Periprostatic and pelvic fat have been shown to influence prostate cancer behaviour through the secretion of chemokines and growth factors, acting in a paracrine mode. We have measured periprostatic fat volume (PFV) with normalisation to prostate gland volume on pelvic magnetic resonance imaging (MRI) and have correlated this with grade (Gleason score; GS) and pathological staging (pT) of prostate cancer (PCa) following radical prostatectomy (RP). PFV was determined using a segmentation technique on contiguous T 1 -weighted axial MRI slices from the level of the prostate base to the apex. The abdominal fat area (AFA) and subcutaneous fat thickness (SFT) were measured using T 1 -weighted axial slices at the level of the umbilicus and the upper border of the symphysis pubis, respectively. PFV was normalised to prostate volume (PV) to account for variations in PV (NPFV = PFV/ PV). Patients were stratified into three risk groups according to post-operative GS: ≤6, 7(3 + 4), and ≥7(4 + 3). NPFV was significantly different between the groups (p = 0.001) and positively correlated with post-operative GS (ρ = 0.294, p < 0.001). There was a difference in NPFV between those with upgrading of GS from 6 post prostatectomy (2.43 ± 0.98; n = 26) compared to those who continued to be low grade (1.99 ± 0.82; n = 17); however, this did not reach statistical significance (p = 0.11).
Several reports have found an association between obesity and aggressivity of prostate cancer (PCa) including an increased risk of biochemical recurrence following radical prostatectomy (RP) [1] [2] [3] . Most of these studies used body mass index (BMI) (kg/m2), which is a marker of generalised obesity. The calculation of BMI is based on the whole body weight and height. However, the BMI may not reflect the amount of metabolically active visceral and specifically, periprostatic and pelvic cavity fat. A number of factors, such as status of angiogenesis, adipogenesis, genetic regulation and insulin resistance determine the distribution of metabolically active fat in an individual 4 . Periprostatic fat contains highly active adipocytes, which act as paracrine cells with the ability to secrete many growth factors, chemokines and inflammation-modifying molecules 4, 5 . Body fat is known to produce Interleukin-6 (IL-6), tumour necrosis factor-α (TNFα), leptin, and adiponectin, which have been shown to influence prostate cancer progression [6] [7] [8] [9] . Free fatty acids (FFA), which are released from adipocytes closely spatially related to cancers are found to be the major source of energy for tumour cells in a number of cancers including prostate cancer 10, 11 . There are several indications that periprostatic fat abundance can influence prostate cancer aggressiveness through paracrine effects 12, 13 . Inhibition of some of chemokine pathways, in particular CCR3/CCL7, prevents local dissemination of prostate cancer 12 . The CCR3/CCL7 chemokine pathway may promote extraprostatic extension of aggressive prostate cancers into periprostatic fat, and modification of the phenotype and characteristics of adipose cells occur which are then termed "cancer-associated adipocytes" 12, 14 .
Measurement of periprostatic fat as a marker of prostate cancer aggressiveness has been reported using computed tomography (CT) in men opting for prostate brachytherapy or external beam radiation, with conflicting results 7, 8 . Woo et al. 15 , in a retrospective review of MRI performed before radical prostatectomy (RP), showed a significant correlation between Gleason score (GS) of prostate cancer in prostatectomy specimen and periprostatic fat thickness 15 . Similarly, Zhang et al. 16 , in 184 men undergoing RP found a positive correlation between periprostatic fat area and prostate cancer aggressiveness 16 . Both reports, however, used different methods of periprostatic fat measurement. Woo et al. used the shortest perpendicular distance from pubic symphysis to prostate, whereas Zhang et al. measured periprostatic fat area, including ischiorectal fossae measurements. Also, a single transverse slice at the level of the femoral head and greater trochanter of the femur was used to give a measure of area instead of total volume. In a more recent study, Tan et al. 17 found that periprostatic fat volume correlated with GS of prostate cancers on transrectal ultrasound guided biopsies 17 . This study did not use histopathology of RP as a reference standard and thus has limitations. Table 1 summarises various techniques, imaging modalities and methods used for estimations of periprostatic fat. Clearly, various reference standards and comparative measures have been used in the literature and this may have influenced the outcomes of these studies.
We hypothesised that normalisation of periprostatic fat volume to prostate size would provide a better reflection of relative fat volume in the pelvis and periprostatic area. The concept of normalisation is shown in Fig. 1 . Therefore, the objectives of the present study were: 1. To measure periprostatic fat volume, subcutaneous fat thickness, and intra-abdominal fat area on anatomical MRI scans using a standardised measurement method. 2. To correlate fat measurements with grade (GS) and pathological staging (pT) of prostate cancer following RP.
Patients and Methods
Cohort Selection and Power Calculation. This is a prospective study with Caldicott institutional approval (Caldicott/CSAppGN021211). All experiments including the study protocol study followed approved institutional guidelines. The study had ethical approval (ethical approval number 13/ES/0099) with each participant informed consenting to the use of their imaging data. A sample size of 150 was calculated based on 5% significance level with an effect size of 0.3 and 80% power. Allowing for 8% drop out for poor data quality, we planned recruitment of a cohort of 162 men. Between January 2010 and December 2015, 162 men with localised prostate cancer opting for RP were recruited. Prospective data were acquired for baseline demographic characteristics, disease specific parameters and imaging including MRI of the prostate. Patient specific data were acquired through access to standard NHS online clinical databases. Study inclusion criteria were: Table 1 . Periprostatic fat measurement techniques on imaging and their outcomes in previous studies. *GS = Gleason score. *HU = Hounsfield unit.
• Men with localised prostate cancer without prior radiotherapy or hormonal treatment.
• Radical prostatectomy as a treatment option.
• Gleason score and histopathological stage of RP specimens review by an experienced uropathologist and MRI review by uroradiologists.
Exclusion criteria were: men with metastatic prostate cancer or those with localised prostate cancer opting for external beam radiotherapy or brachytherapy.
Imaging Protocol. MRI scans were acquired using either 3-T (n = 65) or 1.5-T (n = 97) Siemens MR units with pelvic phased array coils. All patients received 20 mg of butyl scopolamine (Buscopan; Boehringer-Ingelheim) injected intramuscularly before MRI to minimize peristalsis.
Axial, sagittal and coronal T2-weighted spin-echo sequences, axial T1-weighted spin-echo sequences and axial fat-suppressed single-shot echo-planar diffusion weighted imaging using a small field of view (SFV) of the pelvis were routinely obtained for all patients, according to the standard prostate cancer characterisation MRI protocol in use at the time. Dynamic contrast-enhanced imaging was performed on a subgroup of patients undergoing imaging at 3 T unit as part of the standard multiparametric prostate MRI protocol at our institution. The data obtained form a part of the ongoing MULTIPROS study (http://www.hra.nhs.uk/news/research-summaries/ multipros-study/). Table 2 summarises the imaging protocol of all sequences used in this study.
Fat Measurements. After anonymization of MRI studies from 162 men who subsequently underwent RP for clinically non-metastatic disease, the PFV was determined by using a semi-automated segmentation technique on contiguous 3 mm T 1 -weighted axial slices. OsiriX MD © Pixmeo Sarl 2015 (http://www.osirix-viewer. com) software was used for these measurements. The software utilises bicubic interpolation to deal with interslice gaps (in this study, 0.6 mm for both T 1 and T 2 -weighted sequences). It was established that segmentation was most accurate and reproducible on non fat suppressed T 1 -weighted images, which provided optimal contrast between adipose and all other non-adipose tissues. One observer carried out all segmentations and measurements, blinded to GS and postoperative T stage. The periprostatic fat was segmented from the level of the prostate base to the apex (Figs 2 and 3) . The subcutaneous fat thickness (SFT) was determined by measuring the perpendicular distance between the skin and the anterior upper border of the symphysis pubis on a selected T1-weighted small field of view axial slice (Fig. 4) . The abdominal fat area (AFA) was determined by segmenting the intra-abdominal fat on a single T1-weighted axial slice at the level of umbilicus including retroperitoneal fat (Fig. 5) . Prostate volume (PV) was measured from multiple contiguous T2-weighted SFV axial images (Fig. 6 ). Since the dimensions of the prostate gland including the distance between apex and base are highly variable between individuals, PFV was normalised for all patients to account for the variations in PV (NPFV = PFV/PV). NPFV is the normalised value of periprostatic fat volume measured from the base of the prostate to its apex.
Reproducibility of PFV and PV measurements was assessed in a subgroup of 10 randomly selected study patients by three observers. An excellent interrater reliability was shown with intraclass correlation coefficient of 0.984 in single measures (P < 0.001).
Statistical Analyses. Patients were stratified into three groups according to the Gleason score of the final prostatectomy specimen: ≤6, 7(3 + 4) and 7(4 + 3) or more. The association between the three groups and different fat measurements including clinical and pathological data was determined using one-way ANOVA and Kruskal-Wallis tests for parametric and non-parametric continuous variables, respectively, and Chi-square test for categorical variables (WHO weight classification, pT and D' Amico risk classification). Receiver Operating Characteristic (ROC) curve analysis was used to test the ability of NPFV to differentiate between high-grade (GS ≥ 7) and low-grade (GS ≤ 6) prostate cancers.
Pearson correlation coefficient was used to evaluate the relationship between the different fat measurements (NPFV, AFA and SFT), including BMI, and prostate cancer aggressiveness [GS: ≤6, 7 (3 + 4), 7 (4 + 3), 8 and 9, pT: pT 2 and pT 3 ]. After classifying the patients based on D' Amico risk classification, binary logistic regression analysis was used to determine an independent effect of each predictor on high-risk disease (biopsy GS ≥ 8 or PSA > 20, more than one positive core, or intermediate-risk and more than 50% positive cores) vs non-high risk (low and intermediate-risk) disease. p value of <0.05 was considered statistically significant. IBM SPSS Statistics (version 23) for OS X was used for data analyses.
Results
The mean age of the cohort (N = 162) was 67.3 ± 5.7 years (range, 53-87), and the mean BMI was 27.6 ± 4 kg/m 2 (range, 20.5-40.6). According to the WHO classification, 47 patients were classified as normal weight (30.1%), 70 as overweight (44.9%) and 39 as obese (25%). Table 3 summarizes the characteristics of patients categorised into three groups according to post-operative Gleason score of histopathology.
The mean age was statistically different between the three groups [F (2,159) = 3.9, p = 0.022], patients with more aggressive disease tending to be older. The mean NPFV was also statistically different between the groups [F (2,159) = 7, p = 0.001], and Tukey post-hoc test revealed that NPFV was statistically significantly larger in Group 2 (2.45 ± 1.13, p = 0.047) and Group 3 (2.79 ± 1.15, p = 0.001) than in Group 1 (1.84 ± 0.76). There was no , respectively. Twenty-six men had upgradation of GS from 6 to 7 and above from TRUS biopsy to final histopathology of the radical prostatectomy specimen. Mean NPFV of these men (2.43 ± 0.98) was more than those who had no upgrade from GS 6 (n = 17; 1.99 ± 0.82). This did not reach statistically significance, however, due to low numbers (p = 0.132).
Binary logistic regression analysis showed that NPFV was the only independent predictor of having high-risk PCa after controlling for age (OR, 1.398; 95% CI, 1.037-1.883; p = 0.028). Age was not an independent predictor of having high-risk PCa (OR, 0.969; 95% CI, 0.911-1.03; p = 0.313). Hosmer-Lemeshow test revealed that the data fitted the model well [χ 
Discussion
This is the first prospective study that reports on the periprostatic and pelvic fat volume measured from contiguous T1-weighted axial images using a semi-automated segmentation technique, showing a strong correlation between prostate post-operative Gleason score and normalised periprostatic fat volume. In contrast to other studies conducted in the America and Canada [1] [2] [3] 18 , our observations show that periprostatic fat correlates better with GS than BMI, the marker of general obesity, which had no relation to PCa aggressiveness (as defined by GS) in this study. Our findings are, however in agreement with other reports from Europe suggesting no association between BMI and risk of being diagnosed with more aggressive prostate cancer 8, 19 . The discrepancy between the results needs further exploration, yet it could reflect differences in the percentage of the adult population who are clinically obese, which is higher in North America, and may be affected by the greater proportion of African Americans who tend to have more aggressive disease compared to Caucasian Americans [20] [21] [22] [23] [24] . Recent studies have confirmed the relationship between periprostatic fat and PCa aggressiveness using different measurement techniques on trans-rectal ultrasonography (TRUS), CT and MRI 8, 15, 16, 25 . There are several differences between the previous studies and our study. Firstly, we measured periprostatic fat volume using a dedicated software rather than thickness of fat or area at a single point. Secondly, we have used RP as a reference standard, as it is established that there is a discrepancy between histological grade obtained during biopsies and final histopathology of prostatectomy specimen after radical surgery 26 , and confirmed in the results presented in this study. Table 4 . The relationship between post RP Gleason score, age, body mass index (BMI), prostate-specific antigen (PSA) and different fat measurements using Pearson correlation coefficient. *Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed). NPFV = Normalised periprostatic fat volume; AFA = Abdominal fat area; SFT = Subcutaneous fat thickness; PSA = Prostate specific antigen; BMI = Body mass index; GS = Gleason score.
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Van Roermund et al. 8 evaluated periprostatic fat as a predictive marker for prostate cancer aggressiveness using a single 3 mm-thick CT slice 8 . They showed that the periprostatic fat area and density (defined as periprostatic fat area/total contour area) (%), were predictors for cancer aggressiveness. Woo et al. 15 reported that there was a positive correlation between periprostatic fat thickness, which was measured on a single preoperative mid-sagittal T1-w MRI from the symphysis pubis to the prostate, and GS 15 . Body fat distribution differs between individuals according to differences in age, angiogenesis, adipogenesis, genetic regulation and insulin resistance [27] [28] [29] . Moreover, since the prostate tumour and cancer-related adipocytes can be located at any level in the gland (most commonly in the posteriorly located peripheral zone), we considered that measuring the volume of periprostatic fat from the level of the prostate base to its apex was most appropriate.
There are several reports on the correlation between peritumoural fat and cancer outcomes. It has been suggested that retroperitoneal fat should be included in visceral fat measures as leptin, which promotes PCa progression, and adiponectin were associated with retroperitoneal fat area 30, 31 . Ohwaki et al. 32 suggested that BMI is not an accurate marker for abdominal obesity assessment, and that the visceral (intraperitoneal) fat is the most accurate measurement for abdominal obesity 32 . Van Roermund et al. 7 also concluded that the visceral fat could be more metabolically active than periprostatic fat after observing the relationship between BMI, SFT and periprostatic fat density 7 . Harada et al. 33 measured the abdominal fat area at the level of umbilicus on 507 CT images, and concluded that low visceral fat contents were associated with poor prognosis in patients with upper gastrointestinal cancers 33 . In the present study, we measured AFA from a T 1 -weighted axial image at the level of the umbilicus including retroperitoneal fat. AFA and SFT were significantly positively correlated with BMI but not related to grade and stage of prostate cancer. Visceral fat, unlike periprostatic fat, could be related to upper gastrointestinal cancers but not to prostate cancer. This suggests that a close spatial relationship between a cancer and its peritumoural fat tissue is important in consideration of aggressivity and outcomes.
In this study, NPFV was positively correlated with both grade and stage of prostate cancer. A previous study showed that the adipocytes spatially related to a cancer release free fatty acids through lipolysis which are then used by the cancer cells for bioenergy 11 . Mitochondrial β-oxidation of the free fatty acids was found to be the dominant source of bioenergy for PCa cells 10 . This may indicate that both fat amount and activity have an impact on prostate cancer progression.
Anatomical MRI scans cannot distinguish between less or more active adipocytes of periprostatic fat tissue. Powell 34 reported that there are two types of adipocytes, "fat" and "thin" 34 . The activated "fat" adipocytes are common in obese patients and produce more adipokines than "thin" adipocytes 34 . A few laboratory studies have concluded that there is a relationship between active periprostatic adipose tissue and prostate cancer cell survival, migration and higher risk of biochemical recurrence 10, 35 . Finley et al. 36 investigated the association of adipose tissue cytokines with PCa aggressiveness 36 . IL-6 levels of both serum and periprostatic adipose tissue were compared with Gleason score (GS). The results showed that IL-6 secreted by periprostatic adipose tissue was approximately 375-fold greater than serum IL-6, and positively correlated with GS. They also mentioned that adipocytes of periprostatic fat tissue are the major secretors of IL-6 in patients with PCa. For future studies, it could be informative to further investigate both periprostatic fat adiposity and metabolic activity as the results may better reveal the relationship between the active periprostatic fat and PCa aggressiveness.
This study has some limitations. The slice-by-slice semi-automated segmentation technique was time consuming. Though the Osirix software factors in any interslice gap into volumetric calculations, a 3D volumetric acquisition with no interslice gap might allow more accurate segmentation. However, the theoretical impact of this on our results is likely to be minimal, since the same sequences were used in all subjects and slice thickness and gap were the same for the T 1 and T 2 -weighted sequences used for determination of NPFV and PV, respectively. Furthermore, the segmentation technique showed excellent reproducibility. Though Dixon sequences are regarded as the gold standard in the determination of fat and water volumes, some form of user-defined thresholding is still necessary with semi-automated softwares. It could be argued that the sequences routinely used in 2010 when recruitment to this study commenced would not be regarded as ideal for multiparametric MRI characterisation of PCa according to PI-RADS v. 2 criteria. However, this will not have affected the research question addressed here; namely, the relationship of NPFV to PCa aggressivity.
A further limitation is that our inclusion criteria, using radical prostatectomy Gleason score as a reference standard, has restricted our cohort to 162 patients over a long period of time (2010) (2011) (2012) (2013) (2014) (2015) . Using this strict reference standard may limit the external validity of findings from the present study and introduce a selection bias, as patients with low Gleason score disease may not opt for radical surgery and may instead go onto active surveillance as a treatment choice. In the present study, there was a higher NPFV in men with upgradation of disease from Gleason 6 score on biopsy to GS > 6 following radical prostatectomy compared to those who continued to have low GS disease. The discriminatory power of NPFV in this clinical situation needs further study due to low number of cases. Even accepting the low numbers, we have demonstrated with ROC analysis that NPFV is clearly able to differentiate between high-and low-risk disease suggesting that it could be used to stratify patients into differing treatment groups. Observation from the present study and previous reports, however, do merit future research in selecting men for active surveillance using periprostatic fat volume as marker of aggressive disease, particularly in those where there is suspicion of poor sampling using ultrasound guided biopsies.
Conclusions
In the present study, normalised periprostatic fat volume measured from MRI images significantly correlated with prostate cancer aggressiveness (grade and stage) in men who underwent radical prostatectomy for clinically non-metastatic disease. There was no correlation between BMI, AFA and SFT and prostate cancer aggressiveness. Defining the metabolic activity of periprostatic fat could add further to understanding the relationship between the active closely-related adipose tissue and PCa aggressiveness.
